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a b s t r a c t
We investigated the properties of a GaN epilayer grown by metalorganic vapour phase epitaxy on a
c-plane bulk GaN substrate obtained by ammonothermal growth. X-ray diffraction measurements
showed that the epilayer and substrate were fully relaxed, had a miscut angle of 0.370.051 towards
m and had omega rocking curve width values of 20–30 arcsec, limited by the instrumental broadening.
Scanning capacitance microscopy data of the sample in cross-section indicated that the substrate had n-
type conductivity with a carrier concentration of at least 1019 cm3. Combined optical Nomarski
microscopy, atomic-force microscopy and scanning electron microscope-cathodoluminescence studies
showed the presence of large hexagonal pyramids on the surface, each associated with one or two
dislocations with a screw-component threading from the substrate. This observation leads us to calculate
a lower limit of the threading dislocation density of 3102 cm2. We predict that the formation of such
hexagonal hillocks during epitaxy can be avoided with a slightly larger miscut angle of 0.41 or 0.51.
Another type of defect observed were ridge-like surface structures with narrow arrays of edge-type
threading defects with a local density of 109 cm2. However, the absence of threading defects below the
regrowth interface at a ridge suggested that this type of structure is linked to (polishing) damage to the
substrate surface and is therefore rated as an avoidable problem.
& 2013 The Authors. Published by Elsevier B.V.
1. Introduction
The ongoing development of technology for light emitting
diodes or other gallium nitride-based devices has dramatically
improved the material quality. Gallium nitride (GaN) layers
obtained by hetero-epitaxy on sapphire or silicon substrates by
metal organic vapour phase epitaxy (MOVPE) have beneﬁted from
speciﬁc growth techniques such as transitions from three to two
dimensional growth [1] or silicon nitride interlayers [2] which
have reduced the threading dislocation density (TDD) from almost
1010 cm2 to less than 108 cm2. Halide vapor phase epitaxy
(HVPE) allows even lower TDDs of 107 cm2, which permits the
fabrication of high yield devices on the polar ð0001Þ face [3–5] but
also on non-polar directions [6]. However the best material quality
is currently obtained by ammono-thermal synthesis with reported
TDDs below 104 cm2 [7]. New features that are prevented from
growing on more defective surfaces appear on these high quality
substrates and may inﬂuence the properties of devices grown on
the initial homo-epitaxial buffer layer [8]. Here, we study the
properties of a device structure grown on this GaN buffer from the
macroscopic level (optical microscopy) down to the nano-scale
using atomic force microscopy (AFM) and related techniques,
scanning electron microscopy (SEM) and cathodoluminescence
(SEM-CL) and reveal features that may inﬂuence subsequent
device growth.
2. Experimental
The GaN homo-epitaxial layer is grown using a Thomas Swan
6 2″ metal-organic vapour phase epitaxy (MOVPE) reactor on the
Ga-face of 11 cm2 ð0001Þ GaN substrate from Ammono S.A. The
substrate has been subjected to a surface treatment to render the Ga
face ðþ0001Þ ‘epi-ready’ and has a 0.31 miscut toward m. Under
standard lighting conditions, the substrate shows a slight yellow tint
before the growth. Further data from the manufacturer indicate that
the substrate is n-type ð  1019 cm3Þ due to oxygen impurities which
incorporate during the ammonothermal synthesis [9].
Prior to the growth, the substrate was heated in the MOVPE
reactor for 5 min at 1005 1C under ammonia (NH3, pNH3¼36 Torr)
using hydrogen (H2) as a carrier gas and at a reactor pressure of
100 Torr. The growth of GaN was subsequently performed using
trimethylgallium (TMG, 250 μmol=min) using a V/III ratio of 1460
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and maintaining the same partial pressure of NH3 and the carrier
gas. The ﬁrst 2 μm of GaN (2740 s of growth) were non-intention-
ally doped, abbreviated here as ‘nid’, while the last 1 μm (1370 s of
growth) was grown using SiH4 diluted in H2 (Si/Ga¼7.8104) to
achieve an n-type doping concentration of 51019 cm3 (value
estimated from previous studies on calibrated layers by secondary
ions mass spectrometry [10]).
Finally, the sample was treated for 240 s with SiH4 and NH3 at
860 1C to increase the size of the pits related to threading
dislocations at the sample surface, allowing the types, densities
and surface positions of threading dislocations to be found using
atomic force microscopy (AFM) topography images [11]. The
reliability of such AFM data has previously been conﬁrmed using
plan-view transmission electron microscopy (TEM) [11].
The surface of the substrate before growth and that of the
epilayer after growth were observed using differential interference
contrast (DIC) optical microscopy (also known as Normarski
microscopy) and AFM was performed using a Veeco Dimension
3100 in tapping mode using ‘tapping mode etched silicon probes’
(RTESP) tips with a nominal end radius of 8 nm.
Scanning capacitance microscopy (SCM) was performed on the
same Veeco microscope using a SCM application module and a metal-
coated tip [12,13]. Cross-sectional samples were prepared by scribing a
small notch on the sample surface with a diamond scribe and then
cleaving the sample along the notch. SCM reveals dopant proﬁles [12]
and has previously been applied to the analysis of polar [14] and non-
polar [15] GaN structures grown on sapphire.
Plane-view and cross-sectional SEM-CL measurements were
performed on selected areas identiﬁed by optical microscopy. The
CL was performed at room temperature in panchromatic mode
using a Philips XL30 scanning electron microscope (SEM) operat-
ing at 5 kV. This microscope is equipped with a Gatan MonoCL4
system with both photon multiplier tube (PMT) and charge-
coupled device (CCD) detectors. High resolution X-ray diffraction
(XRD) was performed using a Panalytical MRD diffractometer,
equipped with a symmetric 4-bounce monochromator and a
3-bounce analyser.
3. Layer analysis
The initial sample characterisation by XRD did not reveal any
change in the width of selected reﬂections (204, 006) between the
300 μm thick bare GaN substrate and the 3 μm homoepitaxial
layer grown on that substrate. The layer and the GaN substrate
could not be distinguished for all the diffraction conditions used
(002, 004, 006, 105, 204). The bow radius was measured to be
around 135 m for the two in-plane directions (a and m). The
typical FHWM in omega is around 20–40 arcsec for the (006) and
the (204) reﬂections, with small variations depending on the
position examined on the sample. Such values of FHWM are not
limited by the sample bow but rather by the experimental
resolution of the XRD setup ( 30 arcsec, from a silicon powder
reference sample). Synchrotron measurements by Dwilinski et al.
[7] report FHWMs of 10–20 arcsec for similar substrates. Miscut
measurements by XRD are in agreement with the manufacturer's
datasheet which speciﬁes a 0.3170.2 miscut toward m. The
measured cell parameters of the layer match (within 0.0002 Å)
those from measurements performed on GaN powder [16]. Refer-
ence data from Van de Walle et al. [17] suggest two other
diffraction peaks should be observed in addition to the main
GaN (006) peak from the substrate, due to the different doping
nature and doping concentration of the MOVPE-grown layers.
However due to the low mass absorption coefﬁcient of GaN
(μ=ρ 53 cm2 g1 at λ¼ 1:54 A
˚
) [18] the diffracted intensity of
these relatively thin layers (nid 2 μm, Si-doped layer 1 μm) is quite
low, respectively, 10% and 5% of the main substrate peak. Such
small intensities, together with the small change in lattice con-
stant at 1–51019 cm3 doping concentration [17], jΔcj=c 105,
and the ﬁnite width of the (006) reﬂection(40 arcsec) prevent
further analysis as the different contributions cannot be separated.
Consequently the cell parameters of the layers and the substrate
are considered indistinguishable for the rest of this work.
Fig. 1 shows the sample surface after growth at the macroscopic
scale, observed by DIC microscopy. Large patches of the sample are
free from any feature when observed by DIC microscopy (e.g. Fig. 1
(a), red box). Between these featureless areas, two types of surface
defects are observed: hexagonal hillocks (Fig. 1(b)) and linear
ridges (Fig. 1(c)). These features are not homogeneously distributed
across the sample; the hillocks are mostly located in the top-left of
the image while the ridges are less numerous and found exclu-
sively at the top edge (Fig. 1(a), black arrows). Reference optical
images taken before growth (not shown) do not reveal any shape
or contour, which indicates that the features observed in Fig. 1
form during the growth process. Similar hillock features have
already been brieﬂy reported in the literature following the
Fig. 1. (a) DIC optical image of the complete sample made from a mosaic of 80 optical images. Black rectangles indicate the position of images (b) and (c). The red dotted box
highlights a region without any visible defect. Black arrows indicate the positions of linear ridges. (b) Optical image of three hillocks. (c) Optical image of two linear ridges
(marked with black arrows). (For interpretation of the references to colour in this ﬁgure caption, the reader is referred to the web version of this article.)
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MOCVD growth of GaN on a free-standing HVPE GaN substrate [8]
or during the HVPE growth of GaN on bulk GaN substrates
synthesized at high pressure GaN [19]. The hexagonal hillocks
and ridge-like structures will be examined in more detail in
Sections 4 and 5, respectively.
Initial AFM characterisation involved taking images at random
locations across an area 55 μm2 in the centre of the sample.
Forty-ﬁve images were recorded, most of them revealing straight
evenly spaced terraces; no surface pits related to dislocations were
observed. This suggests an upper limit for the dislocation density
in this region of approximately 105 cm2 (the actual value may be
considerably lower), and highlights the low utility of a random
sampling approach in addressing defect-related structures in these
types of samples.
A cross-section of the sample was then studied by SCM to
characterize the doping proﬁle across the layers. Fig. 2 presents
the combined topographic and capacitance data obtained from a
clean cleaved surface. The amplitude of the (dC/dV) signal,
Fig. 2(b), directly relates to the doping concentration [14] and
the contrast between the undoped and n-type grown layers is
visible. The n-type layer and the GaN substrate share comparable
intensity while the phase of the (dC/dV), Fig. 2(c), conﬁrms that
both the layer (51019 cm3) and the GaN bulk substrate are n-
type. This demonstrates that this speciﬁc GaN bulk substrate is n-
type with a high concentration of doping impurities, at least
1019 cm3, as indicated by the manufacturer (oxygen doping)
[9]. The non-intentionally doped MOVPE grown layer appears
dark in the dC/dV amplitude image and shows a noisy signal in
the phase image, characteristic of undoped material [14], indicat-
ing that its impurity content is below the detection limit of the
SCM. The latter shows that the electrical properties of this layer
are not inﬂuenced by the impurities in the underlying substrate.
The combination of XRD, AFM and SCM gives an overview of
the essential properties of the GaN epilayer and the GaN substrate.
In the following, we now focus on the detailed characterization of
the large features seen in Fig. 1: the hillocks and the ridges.
4. Pyramidal hillocks
Fig. 3 shows large scale AFM and CL images of hillock No. 1,
pictured in Fig. 1(b). The AFM topography image (tapping mode),
Fig. 3(a), conﬁrms that the hexagonal features observed in DIC
microscopy are not depressions but rather pyramids, protruding
above the surrounding surface of the sample. The typical height at
the apex of the hillocks, relative to the surrounding ﬂat area, is
250 nm and the facets are inclined by 0.1–0.41 to the surrounding
surface. The shape of the hillock is symmetric along the
a-direction (with a distance of approximately 40 μm from peak
to edge in both directions) and asymmetric in the m-direction
(20 μm from peak to edge in the (þm)-direction; 150 μm from
peak to edge in the (m)-direction). The corresponding AFM
amplitude error image, Fig. 3(b), which highlights regions of
increased slope on the surface, shows that the hillock actually
exhibits 12 different facets with 6 convex edges (marked with red
arrows) and 6 concave edges (blue arrows). The panchromatic CL
image of the same hillock, Fig. 3(c), shows a reduced emission on
the 6 convex edges and a black slot at the hillock apex.
Fig. 4(a) and (b) shows higher magniﬁcation AFM and CL data
of the apex of the pyramid studied in Fig. 3. The AFM data reveal
concentric terraces, or possibly a spiral structure terminated by a
single pit at the apex. The latter is consistent in size with the
surface pits which have been shown to occur at dislocation
terminations in SiH4-treated samples. It is difﬁcult, using the
AFM-based technique described by Oliver et al. [11] to identify
the dislocation type from a single pit, since the approach relies on
measuring a distribution of pit sizes. The width of the pit
measured here (using the width measurement metric speciﬁed
by Oliver et al. [11]) is  75 nm, which might tentatively be
attributed to a dislocation of screw or mixed type. The correspond-
ing CL data, Fig. 4(b), show that the black central spot matches the
position of the pit observed by AFM and SEM. This combination of
AFM, CL and SEM highlight the non-radiative recombination
which dominates in the capture section of the dislocation. Hillocks
Fig. 2. SCM characterisation of the cross section of the sample. Scale bars are 2 μm for all images. White arrows indicate the main crystallographic directions. The blue, red
and yellow rectangles, respectively, represent the GaN substrate and the MOCVD growth layers: non-intentionally doped and n-type. (a) Topographic data from contact
mode (z-scale 8 nm). (b) SCM data showing the doping concentration (amplitude of dC/dV). (c) SCM data related to the dopant n- or p-type (phase of dC/dV). (For
interpretation of the references to colour in this ﬁgure caption, the reader is referred to the web version of this article.)
Fig. 3. Detailed study of hillock No. 1 from Fig. 1(b). Scale bars are 20 μm for all images. (a) AFM topography image, z-scale is 250 nm. (b) Corresponding AFM amplitude error
image showing the 12 different facets. (c) Panchromatic CL image of the same hillock. Convex edges are indicated with red arrow, concave edges by blue arrows. The hillock is
asymmetric in the m-direction. (For interpretation of the references to colour in this ﬁgure caption, the reader is referred to the web version of this article.)
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can be formed around a single dislocation, as in Fig. 4(a) and (b),
but other conﬁgurations are also observed. Fig. 4(c) shows a
hillock with both a central dislocation pit, and another on a facet.
The CL data show a clear dark spot associated with the apex
dislocation and a weaker dark spot associated with the other
(white arrows). An additional dark feature is also observed in
the CL (red arrow), the origin of which is not well understood.
Fig. 4(d) shows a third hillock which appears to have formed from
the interplay of two central dislocations, both of which appear
equally dark in CL.
Out of the six hillocks jointly studied by AFM and CL, only three
appear to form around a single dislocation while the rest present
at least two dislocations in various conﬁgurations.
The threading dislocations associated with the surface pits
observed in Figs. 3 and 4 could either nucleate at the re-growth
interface between the GaN epilayer and the bulk GaN substrate or
thread from a pre-existing dislocation in the substrate itself. Fig. 5
shows the SEM-CL image of a cleaved pyramidal hillock. The
pyramidal hillock has a very low aspect ratio (typically 250 nm
height, 80 μm width) and thus appears completely ﬂat in the
cross-sectional SEM. Therefore the sample is observed with a 451
tilt to reveal both the cross-section and the surface features. Since
the convex edges of the hillock are seen as dark lines, we can see
that the cleave cuts close to the apex of a large hillock (Fig. 5(a) red
arrow), with a second smaller hillock, associated with another
dislocation about 2 μm from its apex (blue arrow). In the panchro-
matic CL image, Fig. 5(a), the n-type substrate appears grey, the
2 μm thick non-intentionally doped MOVPE-grown layer is dark,
and the ﬁnal 1 μm thick n-type layer (doped at  5 1019 cm3)
appears bright. This CL contrast correlates well with the n-type
doping observed by SCM, in Fig. 2, where the n-type layer and the
substrate share a similar doping level. However, the CL intensities
Fig. 4. Images of the apex of selected hillocks. Scale bars are 0:5 μm for all images. (a) AFM topography image, z-scale is 13 nm. Convex edges are outlined by orange dotted
lines. Rectangle indicates the position of image b). Black arrow marks the central dislocation pit. (b) CL image of the zoomed region, convex edges are marked by yellow
dotted lines. Black arrow marks the central dark spot at the location of the dislocation pit. (c) and (d) SEM and CL images of other hillocks showing more than one dislocation
associated with each hillock. (For interpretation of the references to colour in this ﬁgure caption, the reader is referred to the web version of this article.)
Fig. 5. SEM-CL images of a cleaved pyramidal hillock at 451 tilt, showing both the sample surface (upper part of image) and the sample cross section (lower part of image).
The red rectangle indicates the n-doped region, the yellow the undoped MOVPE-grown region, and the blue the GaN bulk substrate. (a) CL image showing the dislocation as a
dark line (marked with black arrows) originating from the substrate. (b) Corresponding SEM image showing the disruption in the cleaved surface (marked with black arrows)
at the position of the dislocation. (For interpretation of the references to colour in this ﬁgure caption, the reader is referred to the web version of this article.)
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are different, which could be related to non-radiative centres in
the bulk GaN substrate, the latter leading to a yellow colour when
the sample is observed under standard lighting conditions.
The CL image, Fig. 5(a), suggests that the threading dislocation
originates from the substrate, showing up as a dark line running
vertically through the substrate towards the apex (indicated by
black arrows). The disruption of the lattice associated with
the dislocations also appears to affect the morphology of the
cleave over the whole cross-section, as shown by the SEM image
(Fig. 5(b)).
5. Linear ridges
We now use the same observation techniques to study the
‘linear ridges’ observed in Fig. 1(c). Plane-view panchromatic CL
images, Fig. 6(a) and (b), show that the ridges are made from
dense arrays of dark spots, related to the surface termination of
threading dislocations. AFM studies conﬁrm that there is a high
density of dislocation pits along the ridge with local densities of up
to 109 cm2. For such high numbers, the capture zones of several
dislocations can merge, leading to the formation of continuous
black ribbons in the CL image (Fig. 6(b), black arrows). Some ridges
can also be found crossing one of the pyramidal hillocks such as in
Fig. 6(c). The direction of the ridge (blue lines) is not aligned with
the edge of the pyramid (yellow dash) or any speciﬁc low-index
crystallographic direction. The size of the dislocation pits are also
different, as can be seen by comparing AFM and CL data on the
same region containing both a hillock and a ridge: small pits (40–
50 nm) for ‘ridge’ dislocations and larger pits (70–80 nm) at the
apex of the ‘pyramidal hillock’ (Fig. 6(d) and (e)). Based on the pit
sizes observed in earlier dislocation studies [11], this suggests that
the pits associated with the ridge are mostly pure edge-type,
whereas those at the apex of the hillocks have a screw component.
In another area, the sample was cleaved near the crossover of
two ridges and studied by SEM and CL at 451 tilt. The CL image,
Fig. 7(a), reveals that a single dislocation originates from the
substrate and that a large proportion of the dislocations terminate
at the interface between the layer and the substrate. The SEM data,
Fig. 7(b), supports this analysis since it shows a single disturbance
to the morphology of the cleave around the dislocation threading
from the substrate, whereas multiple dislocations are identiﬁed in
the epilayer and disrupt the cleave over a wider area. The
termination of a dislocation at the re-growth interface is consis-
tent with surface damage prior to the growth, possibly due to
polishing damage. The latter is also coherent with the distribution
of the ridges on the sample, all found in a narrow band, next to the
top edge of the sample (Fig. 1(a)). Accidentally, Fig. 7 also
demonstrates that some defect can thread from the substrate into
the layer without nucleating a hillock.
6. Discussion
Despite intensive random sampling of the surface by AFM
between the pyramid (45 scan of 5 5 μm2) no dislocation pit
was found on the sampled area, which indicates a dislocation
density lower than 105 cm2. Knowing that pyramidal hillocks
nucleate around dislocations originating from the substrate, we
can place a lower bound on the dislocation density from the
analysis of Fig. 1, by assuming a single dislocation per pyramid.
Excluding the damaged 1 mm band from the top edge (ridges
area) we count about 300 pyramids over the remaining surface,
leading to a lower bound for the dislocation density of
3.3102 cm2. This result is bit lower than, but yet comparable to
data in the literature based on chemical etching using KOH [7]. The
ﬁnal average density would certainly be much higher as we know
that a large fraction of the pyramids present at least two disloca-
tions and that edge-type dislocations do not generate pyramids
(Fig. 7). However such average densities do not take into account
the inhomogeneity of the pyramids distribution on the surface and
the fact that it is possible to ﬁnd large zones up to 23 mm
Fig. 6. (a) and (b) Top view CL image of a ridge, showing the high density of dislocation with coalescence of the capture zones (black arrows). (c) CL image of a ridge crossing
a hillock. (d) Zoomed-in version of image (c). Convex edges are highlighted by dotted lines, central dislocations by arrows. (e) AFM image (z-scale 15 nm) of the top of the
hillock, central dislocations (arrows) are larger than the dislocations from the ridge. (For interpretation of the references to colour in this ﬁgure caption, the reader is referred
to the web version of this article.)
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without any visible single pyramid or defect (i.e. a lower bound of
15 cm2).
Based on the size of the pits, Fig. 6(e), the hillocks are likely
related to screw or mixed dislocations terminating at the surface.
The later is also coherent with the observation of terraces on the
sidewall of the hillock, possibly shaped into a spiral ramp, Fig. 4(a).
The formation of hillock from screw component dislocations has
been observed in numerous materials [20], including GaN [21],
and was initially modelled by Burton Cabrera and Frank [22].
Hillocks with a 2-fold symmetry have been reported on non-polar
m-plane bulk GaN by Hirai et al. [23] and linked to screw-type
dislocations by Farell et al. [24]. Here on (0001) GaN, the hillocks
exhibit a 6-fold with a clear anisotropy in the m-direction, the off-
axis orientation (miscut) of the substrate. Such behaviour was also
reported by Hirai et al. [23] on off-axis m-plane bulk substrate,
with a minimum off-axis angle δm above which no hillock forms.
Farell et al. [24] report a limit angle of 0.71 for growth on the
m-plane, while Sarzynski et al. [8] propose a value of δm ¼ 0:51 for
c-plane bulk GaN.
Assuming that a symmetric hillock would be observed on a
sample with zero miscut, we can compute the off-axis angle of the
substrate δ from the ratio of the asymmetric lengths in the (þm)
and (m) directions (L1, L2) and the height of the hillock (h). Fig. 8
shows the geometrical effect of the substrate miscut on the shape
of the hillock.
Using Fig. 8(b), we ﬁnd the following geometrical considera-
tions:
2α¼ πβ¼ α1þα2
δ¼ jαα1j ¼ jα2α1j=2
δm ¼ α¼ jα2þα1j=2 ð1Þ
The angles α1 and α2 are simply related to the experimental
measurements L1, L2 and h:
tan ðα1Þ ¼ h=L1; tan ðα1Þ ¼ h=L2 ð2Þ
Using the measured values of L1 ¼ 20 μm, L2 ¼ 150 μm and
h¼250 nm, we ﬁnd δ¼ 0:31170:05, close to the miscut angle
measured by XRD (0.3170.05). Based on these calculations, the
limiting case is δm ¼ 0:41, above which the formation of the hillock
would be prevented. This theoretical value is slightly lower than
the experimental limit proposed by Sarzynski et al. [8] (0.51) and
future experiments are planned to test this hypothesis. In order to
prevent reliably the formation of hillocks, a safe margin is required
on the substrate speciﬁcations to accommodate the usual 70.11
variability of the manufacturer.
7. Conclusions
In summary, we have studied the MOVPE growth of GaN (0001)
on bulk ammono-thermal GaN substrates with a 0.31 miscut
towards m. The substrate and layer show very narrow XRD
reﬂections (20–30 arcsec), which are instrument limited, and
dislocation densities lower than 105 cm3 using an established
random sampling dislocation counting method by AFM. After
growth, we observe the presence of pyramidal hillocks and linear
ridges. The formation of the hillocks is linked to pre-existing screw
or mixed type dislocations threading from the substrate. The
number of hillocks gives a lower bound to the average dislocation
density around mid 102 cm2. The hillock shape is strongly
dependent on the substrate miscut and we estimate that they
should not form for off-axis angles higher than 0.41. The linear
ridges consist of dense arrays of dislocations, mostly originating
from the re-growth interface. The formation of this type of defect
Fig. 7. SEM-CL images of a cleaved sample recorded at 451 tilt of a two linear ridges. The red rectangle indicates the n-doped region, yellow the undoped region, blue the
GaN substrate. (a) CL image and (b) SEM suggest that most of the dislocations terminate at the re-growth interface (black arrows) but a dislocation also threads directly from
the substrate (white arrows). (For interpretation of the references to colour in this ﬁgure caption, the reader is referred to the web version of this article.)
Fig. 8. (a) Relation between the shape of the pyramid and δ, the off-axis angle of the substrate. (b) Cross-section schematic indicating the different angles and lengths.
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may potentially result from polishing damage and should there-
fore be an avoidable problem.
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